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ABSTRACT A
/ 9 éﬂ /7’ .

Infrared radiation measurements in Channels 2 and 4 for R/O 142 and 143 are
used for this study. The effects of large zenith angles of the radiometer axis on the
recorded radiation patterns are discussed and illustrated by means of examples. The
method of Wark, Yamamoto, and Lienesch for computing outgoing total infrared flux by
means of Channel 4 measurements is further developed and given a form more suitable
for work on maps. This method is tested by applying it to the initial and complemental
scans of one and the same general area where the measurements are separated by a time
interval of only a few minutes. The method is found to give reasonable and consistent

mean values for areas, each of which covers about 0.2 percent of the area of the total

surface of the earth. A cthion

iii



The case study we present here is a night case; consequently, only those measure-
ments in the infrared Channels 1, 2, and 4 were available. The material at our dispos-

al was, on the one hand, The Attitude World Map of TIROS III, published by NASA, and,

on the other hand the Brush Record Tape of the radiation. From the latter it was evident
that the Channel 1 measurements were of questionable value for the two orbits which were
used by us. Our study therefore includes only Channel 2 and Channel 4 measurements.
Orbits 142 and 143 were flown on 22 July 1961: for Oxbit 142 the radiation measurements
we have used were performed during the time interval 0752-0801 GCT; for Orbit 143 the
time was 0936-0947 GCT.

By comparing the nadir angles obtained from The Attitude World Map of TIROS III

through the analysis technique developed by Fujita (1963a and 1963b) with nadir angles ob-
tained from the open mode of the radiation records, we were able to get a very satisfactory
determination of time and location for successive scans.

When, however, the signals from the satellite were translated into terms of effective
black-body temperatures (Data User's Manual) and infrared fluxes, it soon became evi-
dent that these quantities were considerably smaller than would be expected. This turned
out, according to information received from members of the NASA staff, to be due to a
progressive degradation of the instruments during flight, which made invalid the code for
the translation of signals. In a personal communication, W. Bandeen of the Goddard
Space Flight Center kindly put at our disposal the probable values of the corrections which

should be applied to the data we were treating.




Since one of our main objects was to get absolute values for the total infrared flux
escaping to outer space from the top of the atmosphere, all our maps had to be redrawn.
As they are now presented, our values for temperatures and fluxes obviously inspire more
confidence than the values we obtained before the corrections were made.

We have, however, been warned that the corrections are only estimates of the effects
of a complicated degradation mechanism, which is not yet fully understood. Some uncer -
tainty, therefore, still exists in the corrected values, Presumably, though, they are the

best that can be obtained at the present time.

II. THE SYNOPTIC SITUATION

The weather situation at the regular synoptic hour closest to the time of flight is
shown in Fig. 1, which is a simplified copy of the U.S. Weather Bureau Surface Map for
22 July 1961, 0900 GCT. Only a few observations have been entered. Also shown on the
map are the subpoint tracks for parts of Orbits 142 and 143, with times for the successive
locations of the subpoints inserted. The approximate time interval between the two tracks
is 100 minutes.

The shaded areas indicate the main regions with a complete overcast, as far as this
could be ascertained from the regular network of synoptic stations. Fronts are indicated
by the usual symbols. The main features of the weather situation are as follows: 1) a
frontal zone stretching from the Great Lakes region southwestwards which separates a |
southeastern area of moist warm air (flowing northeastwards from the Gulf of Mexico)
from cooler and drier air in the northwestern part of the continent; and 2) in connection
with the fronts, two areas of low pressure, one located west of Lake Michigan and another
in the Oklahoma-Kansas area. Later observations showed that the southwestern low was in
a state of development, while the northeastern low gradually weakened in the course of the
day. When we selected the case it was hoped that we would be able to cover the whole area
of the northeastern low with radiation measurements taken at comparatively small zenith
angles. Unfortunately, however, observations were discontinued for readout purposes; as

a consequence, our radiation maps will cover only a part of the Great Lakes,



There are two main areas of complete overcast, each connected with one of the two
lows mentioned above, as well as a narrow strip of overcast along the front between the
lows. In both the main cloud areas scattered thunderstorms were reported. Another fea-
ture which stands out in the cloud distribution is the relatively cloud-free area situated
north of the front joining the two lows.

All these features, it will be found, stand out clearly in the radiation maps as well.
However, when comparing synoptic weather maps with radiation maps, there are some
points which should be kept in mind. An exact correspendence between cold areas on the
radiation maps and areas of overcast as observed from the ground is not to be expected.

In overcast areas the satellite measurements in Channel 2, generally known as the "win-
dow region" of the water vapor spectrum, will register to a great extent the temperature

of the upper boundary of the clouds; and this may vary considerably within the overcast
areas. Adjacent areas with broken clouds will also appear in the radiation maps as com-
paratively cool areas, with effective black-body temperatures depending on the height and
amount of clouds and also to some degree on the zenith angles through which the areas are
viewed. Generally therefore, it will not be possible to trace the exact boundary of the over-
cast region from a map of infrared radiation alone. Further, more or less linear arrange-
ment of clouds along a sloping frontal zone will appear on the radiation map as a cold tongue
or as a linear arrangement of cold spots. The location of this arrangement on the radiation
map will be determined mainly by the height of the upper surface of the clouds and cannot be
expected to correspond exactly to the location of the surface front.

In the case of night observations there is the additional complication that it is often
difficult for an observer on the ground to decide whether he is confronted with a clear sky,
a thin haze, or a light cirrostratus., These various possibilities will manifest themselves
in a rather different way depending upon the zenith angle of the radiometer beam.

On Fig. 2, also a U.S. Weather Bureau Map, is shown in more detail the distribu-
tion of cloud cover. Over the western mountain region a large, clear area is evident; since
ours is a night case one should expect that the elevation of the mountain ranges will show up
to some extent in the radiation patterns. The warm air coming up from the Gulf has, like-
wise, a large area comparatively free from clouds. On the coast of Louisiana there is an
overcast area, probably due to storms drifting in with the onshore winds from the Gulf,

Finally, in Mexico there is also a fairly large area with overcast conditions.



Fig. 3 is a slightly simplified reproduction of the U.S. Weather Bureau Map for the
300-mb surface, 22 July 1961, 1200 GCT. Only a few observations have been plotted.
For our purpose the main feature to be noticed is the strong upper winds southeast of the
upper low and roughly parallel to the front. The existence of these upper winds explains
the extension towards the northeast of the large overcast area connected with the Oklahoma-
Kansas low. The clear or relatively cloud-free strip parallel to the front is obviously due

to subsiding motions in the region between the two surface lows,

I1I, THE ANGULAR RESOLUTION OF THE RADIOMETER

One of the first questions that has to be taken into consideration, when one intends
to use the radiation measurements for the mapping of synoptic systems, is that concern-
ing the resolution of the radiometers. Some information on this subject has been given
by Fujita (1963a) and is the basis for the following considerations.

With a vertical radiometer axis the scan spot has a circular contour. For increas-
ing zenith angles of the radiometer axis the scan spots become increasingly elongated but
can still be considered as elipses up to zenith angles of about 70 deg. For still larger
zenith angles contamination from outer space sets in and makes the immediate application
of the data more or less illusory for many purposes.

. In the sections of the two orbits that are treated here the height of the satellite was
very close to 750 km. If we define as a scan spot the area from which the radiometer will
receive 80 percent of the recorded energy from a uniformly illuminated surface, we get
for a satellite height of 750 km the values cited in the table below. Figs. 4, 5, 6, and
7, in which actual scan spots for our case :are indicated in their proper location, should
also be consulted when reading Table I where the major (2a) and minor (2b) axes of the
scan spots are given both in degrees of geocentric angle and in kilometers, A is the area
of the 80 percent power scan spots in square kilometers, and CA is the zenith angle of the

satellite measured at the scan point.




Table 1.
Approximate size of 80 percent power scan spots for various zenith

angles of the satellite, Height of satellite, H, equals 750 km.

Ca 2a 2b A
deg deg km deg km sq km
0 0.81 90 0.81 90 6400
20 0.92 103 0.92 103 8300
30 1.08 120 1,08 120 11300
40 1,42 158 1.1i1 123 15300
50 1.75 195 1.17 130 19900
60 3.06 340 1.44 160 42800
70 5.91 658 1,84 205 106000

For zenith angles between 0 and 40-45 deg the resolution of the radiometer accord-
ing to the table must be considered as very good and may be favorably compared with the
resolution afforded by the grid of regular synoptic weather stations in well covered areas.
For the interpretation of the radiometer measurements as "point values" one should also
remember that the sensitivity of the instrument rises rather sharply in the area close to
the axis of the beam, which for zenith angles in the interval 0 to 45 deg makes the situa-
tion somewhat better than that indicated by the table. For zenith angles greater than 50
deg the resolution deteriorates rapidly; and for zenith angles 60 deg and greater, radia-
tion maps for Channels 2 and 4 are rather unsuited for localization of patterns of ordinary
synoptic scale. However, in areas of poor synoptic coverage, and for climatological pur-
poses, radiation measurements for zenith angles in the interval 60 to 70 deg may still
give valuable information.

Measurements for zenith angles greater than 75 deg must be discarded for purposes
of mapping and synoptic identification, due to the increasing contamination from outer space.
For CA =80 deg, the scan spot (as seen from Figs. 4, 5, 6, and 7) will be cut by the
horizon; it will cover approximately 337,000 sq km. The distance from its apex to the

horizon will be about 1400 km and the greatest width perpendicular to this line will be about

300 km.,




For [, =90 deg, the radiometer axis will touch the horizon. The scan spot will
cover approximately 360,000 sq km of the earth's surface, and have "half axes" equal
to 1100 km and 210 km respectively.

The effect of the large scan spots is twofold: first there is the averaging effect over
the scan spot area which will tend to smear out the synoptic patterns; secondly, and equal-
ly important for the identification of synoptic patterns, there are the distortions which arise
from the varying size and orientation of the scan spots over the field. How serious these
distortions will turn out depends upon the horizontal variation of temperature, the concen-
tration of water vapor, the height of the upper cloud surface, and the relation of the afore-
mentioned variables to the size and orientation of the scan spots. Some examples will be
given in later sections.

Figures 4, 5, 6, and 7 show zenith angles of the satellite measured from the scan
points for Orbits 142 and 143, and, in addition, examples of the size and orientation of
the scan spots from various parts of the scanned area. Since this is mainly a case with
open mode, what we call the initial scan will usually be that part of the scan line that reaches
from the first horizon to the scan boundary south of the subpoint track; correspondingly,
the complemental scan will be that part of the scan line that reaches from the scan boundary
to the second horizon.

From these figures it is obvious that very serious distortions must be expected on the
radiation maps produced by either of the two initial scans (Figs. 4 and 6). For the pur-
poses of depicting and localizing patterns of ordinary synoptic scale one will expect these
maps to be virtually useless.

The initial scans of Orbit 143 (Fig. 6), especially provide very poor data for the area
we are considering. Only a small section in the southwest corner of the map, less than 10
percent of the whole area swept by the initial scans, has zenith angles less than 60 deg.
Even the area with zenith angles less than 70 deg is smaller than 20 percent of the whole.
One should also notice that within the area of zenith angles less than 70 deg there is a rapid
change with location of the orientation of the scan spots. All these factors combine to pro-
duce large distortions in the radiation patterns reproduced by the initial scans of Orbit 143,

The initial scans of Orbit 142 (Fig, 4) are slightly better for our purpose since the

area with zenith angles smaller than 70 deg is about one-third of the whole area. However,



considerable distortions and dislocations must be expected over most of the area,

For the complemental scans the case is quite different. In Orbit 143 (Fig. 7) the
area with zenith angles less than 30 deg has a very good location in relation to the frontal
zone and the main cloud systems. Also, zenith angles between 60 and 70 deg cover only
a rather small portion of the scanned area which was used in our analysis.,

The complemental scans (Fig. 5) of Orbit 142 are also rather satisfactory, if not
quite as good as those of Orbit 143. For most of the southeastern half of the area, the com-
plemental scans can be expected to produce radiation maps without too serious distortions
and dislocations.,

These considerations stress the importance of consulting maps like Figs. 4, 5, 6,
and 7 whenever one is confronted with the task of interpreting a map obtained by radiation
measurements from satellites. The figures also show the necessity for a separate treat-
ment of the initial and the complemental scans, Model atmospheres and theoretical treat-
ments of radiation transfer problems as a whole are, of necessity, based on the assumption
of a horizontally stratified atmosphere. Figures 4, 5, 6, and 7 show that theoretical re -
sults should not be uncritically applied to data recorded by satellites of the TIROS III type
for zenith angles greater than some 50 deg.

It is to be understood of course that the limits given above depend on the satellite's
height, the radiometer's aperture, and the variation in sensitivity across the field of the ra-

diometer. If these parameters are altered, the limits will also have to be changed.

Iv. EFFECTIVE BLACK-BODY TEMPERATURES
DERIVED FROM CHANNEL II MEASUREMENTS

In Fig. 8 is given the distribution of the effective black-body temperatures, derived
from the Channel 2 measurements of Orbit 143 complemental scan. As mentioned in the
last section the angular resolution should be quite good for this map. In fact, the area with
zenith angles less than 40 deg covers more than half of the total area including most of the
major cloud systems connected with the frontal system, In this area, then, most of the de-
tails shown in the map should be acceptable without further smoothing of the pattern.

The major features that were mentioned in connection with Fig. 1 show up very well in

the radiation temperatures, The cloud system connected with the low in the Great Lakes



region appears in Fig. 8 with three pronounced cold spots of temperatures down to -30C

and -50C, respectively. In the U.S. Standard Atmosphere this would correspond to

heights of 23,000, 30,000, and 33,000 ft respectively, for the cloud tops. Also the
squall line running between the two surface lows is very conspicuous; along its "axis"

the temperature varies between -12C and -24C corresponding to heights of 14,000 and
20,000 ft for the upper cloud surface. The orientation of the squall line is parallel to the
300-mb surface wind. The location of the squall line is, on the average, a couple of hun-
dred kilometers northwest of the front on Fig, 1; but this, as mentioned in Section II, does
not necessarily mean that there is an inconsistency between the two maps apart from the
difference in the time of observation. In the area with clear or relatively cloud-free con-
ditions north of the squall line, the radiation map shows a conspicuous warm tongue of air
parallel to the squall line with temperatures in the interval 6C to 8C.

It is also interesting to see how well topographic features show up in the radiation
pattern for areas where we have reason to assume there are few or no clouds. Starting
near the scan boundary in the south and close to the 105 W-meridian, there are several
closed isotherms with temperatures between OC and -2C, running in a northwesterly direc-
tion and obviously connected with the Continental Divide. As a contrast we find in the
Painted Desert area temperatures from 8C to 12C, and in the northern end of the Gulf of
California and in the Imperial Valley temperatures slightly above 20C. It should be kept
in mind, however, that differences in effective black-body temperatures between lowlands
and mountains are very dependent upon the hour of the day. During daylight the picture may
be entirely different from the one presented here.

A comparison of Fig. 8 with Figs. 1, 2, and 3 shows clearly that the radiation pat-
tern derived from Channel 2 measurements can give useful synoptic information even if
satellite pictures are lacking, providéd some care is taken in the interpretation of the
radiation maps. There are, certainly, conditions where some confusion will arise: snow
covered areas with strong ground inversions may be difficult to distinguish from areas
with a uniform and not too high cloud cover ; areas with broken clouds may be difficult to
separate from mountain ranges. In many such cases a certain knowledge of the general
synoptic situation, derived from other sources, will solve the difficulty. Especially would
one like to think that the Channel 2 measurements might be a valuable supplementary synoptic

tool over tropical oceans despite their traditionally poor synoptic coverage.



Thus far we have been concerned mainly with radiation in more or less relative
terms. One of the uses originally intended for Channel 2 was to make inferences about
the temperatures of the radiating surfaces, To obtain these from the Channel 2 measure-
ments, certain corrections will have to be added to the values on our map. Wark, Yamamoto,
and Lienesch (1962 and 1963) have given a method for estimating this correction. Some
uncertainty will still exist due to the amount and vertical distribution of water vapor and
ozone in the intervening atmosphere which can in many cases only be roughly estimated.

In addition there are the little known effects of emission and scattering by aerosols. The
temperatures thus arrived at should be the surface radiation temperatures, which will some-
times differ considerably from the air (shelter ) temperatures, usually the only ones avail-
able for comparison, ’

For the highest cloud tops with black-body temperatures between -30C and -50C the
true temperatures according to Wark, Yamamoto, and Lienesch, should be only 1C to 3C
higher than our values. For most of the cloud-free areas we have the additional compli-
cation that these in Orbit 143 occur in mountainous country. Therefore, the temperatures
reported by the synoptic stations may vary widely, depending upon their locations. There
are, however, a few areas where a comparison can be reasonably undertaken. Along the
lower part of the Colorado River the synoptic stations at 0900 GCT report temperatures
between 28C and 32C, while the Channel 2 black-body temperatures are in the interval
between 18C to 20C. Also in the Dakota-Minnesota area we have two regions with appar-
ently cloud-free conditions. In one of these regions the air (shelter) temperatures at
0900 GCT are reported as about 10C, while the Channel 2 temperatures are 1C to 4C. In
the other region the air temperature is reported at about 16C, while the Channel 2 tem-
peratures are 6C to 8C. All these differences are slightly larger than one would expect
according to Fig. 16 in the quoted work by Wark, Yamamoto, and Lienesch. On the whole,
however, the Channel 2 temperatures we have obtained are acceptable when one keeps in
mind that it is the surface radiative temperature and not the air (shelter) temperature that,
in the main, will determine the energy flux in Channel 2.

As an example of the effects of altitude we turn to the Colorado Rockies, also, ac-
cording to synoptic evidence, a cloud-free area., The Channel 2 temperatures between

0C and -2C correspond quite well to the standard atmosphere temperatures given for these
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altitudes (9,000 to 13,000 ft). The given examples may be taken as an indication that
the final corrections we have applied to the Channel 2 measurements lead to results that
cannot be very far from the true, effective, black-body temperatures,

Turning now to Orbit 142 complemental scans, Fig. 9, we notice a general agree-
ment in the scanned areas common to both maps. This holds, however, only as far as
the patterns are concerned, and even for these not in all details. If we compare absolute
values, the agreement is no.longer as good. However, most of the differences can be
explained quite easily, at least in a qualitative sense, as being due to differences in optical
path length combined with the averaging effects of large scan spots. We shall give some
examples, and start with the warm tongue of air immediately north of the squall line.

In the narrow southwest portion of the tongue, the temperatures in Fig. 9 rise to -6C
or -5C. The zenith angles are, for this case (Fig. 5), abaut 55 deg with the major axis
orientated perpendicular to the strong gradients on both sides of the tongue. In Orbit 143
(Fig. 8) the temperatures in the same area were as high as 6C and the zenith angles only
about 25 deg. Compare now the two pictures, presented, of the squall line. For Orbit 142
(zenith angles 50 to 55 deg) we find temperatures -16C to -20C in the cold spots in the
southwest, For Orbit 143 (zenith angles 20 to 30 deg) the temperatures in the corres -
ponding area are -20C to -24C. Finally, in Orbit 142 the large central cloud mass north-
west of the warm tongue has temperatures down to -40C; in Orbit 143 in the same area we

find -36C. To get a clearer picture we have put these temperatures together below:

Central Cloud Mass Warm Tongue Squall Line
R/O 142 -40C -6C -18C
R/0 143 -36C +6C -22C

The time interval between the two flights is,as mentioned earlier, about 100 minutes, and
some development has undoubtedly taken place in the system during this period. When
looking at the sequences of numbers presented above, however, one cannot escape the con-
clusion that the main cause for the smaller cortrasts in the picture presented by Orbit 142
as compared with Orbit 143 must be the averaging effect due to the size and orientation of the
scan spots in Orbit 142, The case is perhaps an extreme one, but still has considerable

interest for the following reason: it has been proposed on several occasions to use the effect
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of limb darkening, as shown by satellite measurements at varying zenith angles, in

order to obtain information about the amount and distribution of water vapor in the inter-
vening atmosphere. The example above shows the danger of an uncritical application of

a theoretical result to this problem. A calculation of limb darkening which takes into
account the effects of increasing scan spots for large zenith angles has been made by Larsen,
Fujita, and Fletcher (1963).

Another example of the same effect is given by the isolated cloud information in
Orbit 143 at 42N, 102W, an area with a zenith angle of about 10 deg. In Fig. 9, this
structure is hardly recognizable. It might be argued that dynamical effects alone would
be able to produce this result, A closer inspection of the pattern in Fig. 9, however indi-
cates that the structure still exists but has been merged with the huge central cloud mass
as a result of the size and orientation of the scan spots in this area.

Finally we will compare Figs. 8 and 9 at the northern end of the Gulf of California.
In Fig. 8 we find a warm tongue with temperatures in the range 18C to 21C. Here the
zenith angles for the scans range from 20 to 30 deg. In Fig. 9 there is also a warm tongue
but the temperatures are only 10C to 14C., According to Fig. 5 the zenith angles were for
these scans close to 70 deg with the major axis orientated W-E, It seems that limb darken-
ing in the proper sense is mainly responsible for the lower temperatures displayed by Fig. 9.

These are only a few examples of the caution that .must be exercised when Channel 2
measurements are being used for mapping synoptic structures. Essentially it is a question
of the scale of the phenomenon one has in mind. For the study of structures on a synoptic
scale, and above all, for study of mesoscale structures, maps like Figs. 4, 5, 6, and 7
should always be at hand as an aid for the interpretation.

Obviously, as can be seen from Fig. 5, the "truest" part of the map in Fig, 9 is the
area stretching northeast from the Gulf of Mexico. In the northern part of the State of
Mississippi there is, apparently, a cloud-free area where the synoptic stations report tem-
peratures of 23C to 25C at 0900 GCT. The Channel 2 temperatures at zenith angles about

20 deg are 16C to 20C. Again, as in the case of Fig. 8, the differences seem acceptable,
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V. EFFECTIVE BLACK-BODY TEMPERATURES
DERIVED FROM CHANNEL 4 MEASUREMENTS.

On the maps we have drawn on the basis of the Channel 4 measurements we shall
only make some brief comments. In Fig. 10 we have presented the Channel 4 effective
black-body temperatures produced by Orbit 143 complemental scans. Between this map
and the Channel 2 map (Fig. 8) there is of course, a great similarity in the general pat-
terns in spite of the differences in temperature values. In the warm, cloud-free area over
the northern part of the Gulf of California and adjacent land areas, the Channel 4 tempera-
tures are, in places, as much as 24C to 26C lower than the Channel 2 temperatures, In the
coldest spots in the great cloud mass in the Kansas-Oklahoma area the differences amount
to some 4C to 8C. Along the squall line we find differences of 6C to 12C. There is, there-
fore, a quite systematic reduction in the differences between Channel 2 and Channel 4 tem-
peratures with decreasing Channel 2 temperatures. The effect of this is, of course, to make
the contrasts between hot and cold spots much smaller in Fig. 10 than in Fig. 8.

For the cold spots in the very high cloud masses of the Great Lakes region one should
expect the differences between Channel 2 and Channel 4 to be very small due to the great
height of the upper cloud surface there. This is also true for the cold spot at the northern
end of Lake Michigan where both maps show temperatures of about -50C. For the cold
area over the western end of Lake Superior the situation is apparently a bit different. In
the Channel 2 temperatures (Fig. 8), we find one cold area of an elongated shape and the
lowest temperature equal to -44C, On the Channel 4 map (Fig. 10), we find two caold
centers with temperatures -54C and -60C, respectively. As the zenith angle in this area
is rather small (15 to 30 deg), differences as large as these are father unlikely. The most
probable explanation is that the values in Fig. 10 are too low, either due to "noise" or to
errors committed in the reading of the Brush Record Tape. If we discard these Channel 4
values, we will also make the values for the total infrared fluxes more reasonable from a
theoretical point of view.

The next figure (11) has been included mainly for the sake of illustrating the effects
of very large scan spots. Part of the scanned area (for zenith angles less than 70 deg) has
been used to compute the total infrared fluxes in the next section. As will be seen there is

rather little similarity between Figs. 10 and 11, although the time differences in the scanning
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of one particular location is just a matter of a few minutes. The northern half of the

scanned area of Fig. 11 is dominated by the effect of contamination from outer space,
But even in most of the places where this effect has been avoided, the large scan spots
in Fig. 11 produce dislocations and distortions of such a magnitude that the main pat-

terns shown in Fig. 10 are difficult to recognize except in their broadest outlines.,

In Fig. 12 we have the Channel 4 effective black-body temperatures from Orbit 142
complemental scans. Again there is a great similarity to Fig. 9, in the same sense as
was the case for the other pair, Figs. 8 and 10, Finally, in Fig. 13 we have the Channel 4
effective black-body temperatures from the initial scans of Orbit 142, This like Fig. 11 is
again an illustration of the effects of large zenith angles. In the northeastern part of the
map, the effect of contamination from outer space is rather conspicuous. In those parts
of the map where the zenith angles are less than 70 deg, several of the large scale features
are still recognizable; but dislocations and distortions make a point to point comparison

with Fig. 12 rather futile.
VI. COMPUTATION OF THE TOTAL OUTGOING INFRARED FLUX

The method we employed for the computation of the total infrared flux was one pro-
posed by Wark, Yamamoto, and Lienesch (1962, 1963). In its original form the method
was not very well suited for work with maps. Therefore a series of tables and graphs was
prepared which enabled us to find the values of the total infrared flux when the zenith an-
gles and the effective black-body temperatures derived from TIROS III Channel 4 measure-
ments are known., A short description of the procedure will be given.

For the total infrared specific intensity I(C,A) , at zenith angle QA , Wark, Yamamoto,
and Lienesch, studying the transfer of radiation through model atmospheres, found the em -

pirical relation:

L) = g+ 12+ €T+ d (1)

where Tg is effective black-body temperature derived from TIROS III, Channel 4 measure-
ments. The parameters gl, f: e’ and d’ should in principle depend upon the zenith angle.
However, this variation was found to be so small that, for all practical purposes, it could

be neglected. In Eq (1) these parameters are, therefore, given constants. Incidentally,
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the values given by Wark, Yamamoto, and Lienesch are such that I(CA) given by Eq(l) is
not total specific intensity proper, but specific intensity multiplied by 7 . From Eq (1)

the following table was computed:

Table 11
Total specific intensity (multiplied by 7 ) as

a function of effective black-body temperatures.

: I(e,) ' I,
-90C 0.108 -20C 0.322
-80C 0.126 - -10C 0.373
~70C 0.148 ile 0.430
-60C 0.174 10C 0.493
-50C 0.203 20C 0.564
-40C 0.238 30C 0.642
-30C 0.277

The units for I{{) are langleys per minute,

From Table II a graph was prepared that enabled us to read off I({,)for intermediate
temperatures with an error of 1 to 2 units in the third decimal.

Next comes the question of the limb darkening. From their model studies Wark,
Yamamoto, and Lienesch deduced the following empirical relation between the total in-

tensity at zenith angle zero, I(0), and I({,):

I(g) = 1[I+ (a+BLOY(al+bL2+cL3)] @)

in which a,f3, a,b,c are constants determined in order to give best fit.

As an example the relation for QA =40 deg is explicitly given:

I(40) = 1.0l66 I(0) — 0.0864 I(0)? (2a)

Inserting values of I(0) into equation (2a) and the corresponding ones for other zenith an-
gles, the corresponding values for I A) were obtained. Using then the graph prepared

from Eq (1) and Table II, corresponding values of I(0) and Channel 4 effective black-body
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temperatures were obtained for various zenith angles. Again as an example, Table III

gives this relationship when {, =40 deg:

Table III

1(0) as a function of temperature at zenith angle QA =40 deg.

t(40) 1(0) t(40) 1(0)

-93.9C 0.10 -6.5C 0.40
-68.7C 0.15 1.6C 0.45
-51.2C 0.20 9.2C 0.50
-37.3C 0.25 15.8C 0.55
-25.6C 0.30 22.0C 0.60
-15.5C 0.35

Assuming a horizontally stratified atmosphere, the total infrared flux escaping from the

top of the atmosphere is expressed by m

2
F = 2nf I)sintcostat,.
o

with I({,)" given by (2) Wark, Yamamoto, and Lienesch obtain the following formula:
F = I0[A+cLO), @)

where the values of the constants A and C are determined by the constants in Eq (2).
Inserting now values of I(O) in Eq (3), the corresponding values of F are found. Using,
then, Table III and similar tables for other zenith angles, values of F , as a function of
the zenith angle and the effective black-body temperature, are obtained.

Table IV. gives examples of corresponding values of F and effective black-body
temperatures at zenith angles ranging from 0 to 70 deg. From Table IV and other similar
tables a graph was prepared (Fig. 14). It was now easy to convert effective black-body
temperatures obtained from Channel 4 measurements at various zenith angles to total infra-
red flux; interpolations for intermediate angles were readily performed. Zenith angles

larger than 70 deg were not included due to the effects of contamination from outer space,
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Table IV
Total infrared flux, F (langleys per minute), and a function of effective black-body

temperature from Channel 4 measurements at various zenith angles.

F t(0) t(10) t(20) t(30) t(40) t(50) t(60) t(70)
0.102 -94.7 -94.7 -94.7 -94.7 -93.9 -93.9 -93.3 -92.0
0.151 -69.1 -69.1 -69.1 -69.1 -68.7 -68.7 -68.4 -68.0
0.200 -51.2  -51.2 -51.2 -51.2 -51.2 -51.2  -51.2 -51.5
0.248 -37.0 -37.0 -37.0 -37.3 -37.3 -37.5 -38.0 -38.5
0.294 -25.0 -25.0 -25.2 -25.2 -25.6 -26.1 -26.8 -27.9
0.340 -14.5 -14.6 -14.6 -15.0 -15.5 -16.0 -17.3 -18.9
0.386 -5.2 -5.4 - 5.5 - 5.9 - 6.5 -7.5 -9.0 -11,2
0.430 3.3 3.2 2.8 2.5 1.6 0.2 -1.5 - 4.7
0.473 11.1 10.8 10.5 10.0 9.2 7.6 5.1 1.3
0.516 18.2 17.9 17.5 16.9 15.8 14.0 11.1 6.6
0.558 24.7 23.3 23.9 23.3 22.0 19.9 16.5 11.2
0.598 24.7 21.5 15.4

VII. MAPS OF OUTGOING TOTAL INFRARED FLUXES

In Fig. 15 we have presented the total infrared fluxes derived from the complemental
scans of Orbit 143, ‘Only those parts of the scans where the zenith angles are less than
70 deg have been utilized. A main characteristic of Fig. 15 is the uniformity of the values
in the western areas. Over a large portion of the scanned area one finds fluxes between
0.38 and 0.44 ly per minute. A similar uniformity of outgoing total infrared fluxes is also
found in theoretical calculations of this quantity for cloudless areas, since the effect of
higher air temperature is more or less neutralized by a higher content of water vapor.

According to theoretical estimates by Yamamoto, (1952) the values of outgoing total

infrared fluxes should range from 0.2 to 0.4 ly per minute; for most of the area our values
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are also contained within these limits., There are, however, areas for which this is not
true.

From the very high clouds in the area northwest of Lake Superior, the outgoing flux
amounts only to some 0.17 ly per minute. However, as explained in Section V, there is
reason to believe that the low temperatures recorded by Channel 4 in this region are ficti-
cious, and this would raise the flux values above Yamamoto's critical lower limit. The
values between 0.40 and 0.44 ly per minute in the west are more difficult to explain if we
adopt, as correct, Yamamoto's estimates. In this connection it should be kept in mind that
we are studying a night case, and 'that during daylight the recorded maximum fluxes would
be still greater because the soil temperatures are considerably higher in our case. Another
circumstance that should be noted is that these high flux values are found in areas where
the zenith angles vary from 15 to 70 deg, and there is, apparently, no significant variation
with changes in the zenith angle.

Here the question about the limb darkening law adopted by Wark, Yamamoto and
Lienesch must be considered. As pointed out by these authors, the effect of underestimating
the limb darkening will depend upon the zenith angles at which the measurements are made.
If the outgoing radiation has been measured by the satellite at a small zenith angle, the
actual flux will, on the assumption of a horizontally stratified atmosphere, be smaller than
the flux computed by their method. If, on the other hand, the measurements are taken at
a large zenith angle, the actual flux will, again assuming a horizontally stratified atmos-
phere, be greater than the computed value. If the limb darkening in our computational
scheme is exaggerated, the discrepancies for small and large zenith angles, respectively,
will be the reverse of those quoted above. The circumstance that the varying zenith angles
apparently have no effect on the great fluxes in the western area and may be taken as an
indication that the limb darkening law adopted by Wark, Yamamoto, and Lienesch is ap-
proximately correct for the conditions prevailing in this area.

As will be seen from Fig. 16, the fluxes based on the complemental scans of Orbit 142,
have still larger maximum value, F =0.46 ly per minute for zenith angles between 65 and
70 deg. According to the authors themselves, it is rather improbable that they exaggerated
the limb darkening. These excessive values therefore, represent a problem.

One explanation, of course, would be that Yamamoto's upper limit is too low. To

test this possibility we made some tentative computations on atmospheric transmissivity,
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On one hand we took the data and the technique proposed by Wark, Yamamoto, and

Lienesch. On the other hand we took the data and the computational procedure proposed

by Elsasser and Culbertson (1960). Transmissivities in selected wave lengths of the

water vapor spectrum were computed for the atmospheric model designated as No. 37

in the paper by Wark, Yamamoto, and Lienesch, It turned out that the transmissivity
values we obtained for these wave lengths, by means of Elsasser's and Culbertson's pro-
cedure, were consistently lower than those obtained by the method of Wark, Yamamoto,

and Lienesch. A cursory inspection seemed to confirm that this would also be the case for
most other regions of the water vapor spectrum, Although the test is not entirely conclusive,
it indicates that Elsasser's and Culbertson's absorption data will probably lead to still lower
values than Yamamoto's for the outgoing radiation,

Another, and more probable, explanation may be found in the final corrections we
applied to the Channel 4 measurements for Orbits 142 and 143, According to the personal
communication received from W, Bandeen and referred to in the introduction, this correc-
tion should add 10C to values in the -20C to OC interval obtained from the original calibra-
tion. It is quite possible that this correction overcompensates for the instrumental degrada-
tion processes they were supposed to eliminate in the mentioned interval,

Total outgoing infrared flux is a quantity of such significance that it would be very
desirable to have means for testing the methods by which it has been computed. Obviously
a value which is based on a single measurement at a certain zenith angle can be only inter-
preted as a more or less probable value; hence local deviations from true values may be
considerable. The most one can hope to obtain is fairly accurate mean values for areas
large enough to cover various conditions of zenith angles and atmospheric structure. The
separation of the radiation data into initial and complemental scans gives us two sets of data
from partly overlapping regions, separated in time by only a few minutes. Due to the dis-
tortions and dislocations resulting from the different sizes and locations of the scan spots,
it would be rather futile to look for any significant agreement when comparing "point values"
of the flux. We have, therefore, concentrated on mean values for areas so large that the
disturbing influences from outside the boundary should be tolerable. We have applied the
test to both our orbits.

In the case of Orbit 143 there was, as will be seen from Figs. 6 and 7, only a rather

small area located around an average latitude of 33N where both the initial and the comple-
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mental scans had zenith angles less than 70 deg. For purposes of integration, this area
was divided into 86 "quadrilaterals", each formed by the intersections of one-degree meri-
dians and latitude circles. Incidentally, an area in the neighborhood of 30N and consisting
of 100 quadrilaterals, as defined above, will cover about 0.2 percent of the total area of the
earth.

In the case of Orbit 142 there was a somewhat larger common area, located between
25N and 35N, where the zenith angles in both initial and complemental scans were less
than 70 deg (Figs. 4 and 5). For purposes of integration this was divided by the meridian
99W in two, approximately equal areas: a western area consisting of 122 quadrilaterals,
and an eastern area consisting of 134 quadrilaterals. The mean values of the flux are given

for each area in Table V.

Table V

Mean values for outgoing total infrared flux.

Orbit 142
Initial Scans " Complemental Scans
(W, area) 0.349 0.328
(E. area) 0.369 0.366
(W. & E. area)0.359 0.348
Orbit 143
0.370 0.371

The agreement must be considered excellent except, perhaps, for the western area Orbit 142
where it may be said to be at least satisfactory. The standard deviations of the quadrilateral

means from the overall means have also been compared for the various areas and are listed

in Table VI.




Table VI

Standard deviations of quadrilateral means of fluxes from overall means,

Orbit 142
Initial Scans Complemental Scans
(W. area) 0.036 0.055
(E. area) 0.033 0.041
. (W. &E. area) 0.036 0.052
Orbit 143
0.055 0.052

The extreme values of the quadrilateral means are shown in Table VII:

Table VII
Maximum and minimum values of quadrilat-
eral means of outgoing total infrared flux .

|
| Orbit 142

Initial Scans Complemental Scans
F(min) F(max) F(min) F(max)
(W. area) 0.260 0.410 0.190 0.440
(E. area) 0.270 0.425 0.215 0.420
Orbit 143
0.210 0.425 0.230 0.430

One should expect a larger range of values on the whole in the complemental scans
than in the initial scans, since the scan spots are smaller in the former case. This is
also the case for Orbit 142, That this will not always be true can be due to disturbing in-
fluences from the regions beyond the line, QA =70 deg. Also, maximum and minimum
values are rather sensitive to noise. As Tables VI and VII show, the conditions vary con-
siderably within each of the areas we have tested; this may account for the agreement we
have obtained in the mean values since the errors in the individual values will then tend to

cancel out,
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For our case, the method of Wark, Yamamoto, and Lienesch gives reasonable and
consistent mean values of outgoing total infrared flux for areas of the size we have con-
sidered. It seems that this method can be applied with some confidence to get mean flux
values for cases and areas where the zenith angles are so large that the identification and
location of specific features as they appear on ordinary synoptic maps, become of doubtful
value. However, more tests for other latitudes and different meteorological conditions are

needed before the practical value and the limitations of the method can be ascertained,
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TIROS W

JULY 22, PB6l

R/0 omBIT 43
COMPLEMENTAL SCAN
ZEMTH DISTANCES AND

Scan spots and zenith angles of satellite, measured from scan points.

Fig. 7 Orbit 143 complemental scans.



31

*sueos Teyuawadwod g [suuey)d ‘¢ IO “saoanjexadursl Apoq-yoerq 2A1I09) g 8 S14g

Lo

I 1
__________
§ 009 + 00 002 oot

FUNLVHIIWIL
2 T13NNVYHO
SNVOS  TTVLNIWITdWOD
1961 ‘22 XIne

gbl O7d Il SOHLL




32

‘sueds Tejusawaldwiod g [auuey) ‘zHT 31qIO ‘soanmjeradwal Apoq-yoe(q 9ATIRIIH 6 Sig

1 1 | L
__________
ooooooooooooo

SIMNLVYIANIL

\ 2 T3INNVHD

SNVIS , TVINIWITINOD
\ 196l ‘22 K00

2kl O/4 NIl SOMIL




33

2
3 é
&
&

‘sueos [eluawardwod § [ouueyd ‘¢HI MqI0

‘soxniexadwiol Apoq-yoelq 9AMN0933d 01 ‘Sig

1 Il
T T T T

1 | L
T T T T T T
001

IHNLVHIdWN3L
’ ¥ T3INNVHD
e SNVOS  IVINIWITdWN0D

1961 ‘22 AInr
el O7d Il SOBIL

B3
8—




34

-sueos TEHTUT § [PuueyD ‘gHT NqI0 °seamersadwal Apoq-yoelq 9ALOPH 1T 514

; % - : ! ]
S~ B DR B S B 7
? P | .
N\~ FMNLYYIINIL ) -
Y . v T3INNVHO i
| e SNYOS  TVILINI y
. 1961 22 ANe

o a(% Sbl O/d Il SOMIL . . | . 5 Q )

o




35

‘sueds [eluowa[dwod § [duuey) ‘zHl qI0 sermeradwal Apoq-3oe(q 9AT09H 71 ‘814

¥ 13INNVHD
S TTVLN3IWITdW0D
1961 ‘22 AIne




36

P I3NNVHD
SNVOS TIVILINI
196l ‘22 AINre




37

‘sa1Sue YITUSZ SNOLIRA I10J saInteradwiol ApPog-Or(q SATIOSJIS § [SUUBYD JO UOIIOUNJ S SOXN[J palexjul 1810l HT 14

©OF 02 Ol 0 «OI- «02- o0f- «Ob- 06 - «09- «02- «08- 06-

oo Ky 4 oo

0% ok*y

Xo.

o«u.u

SO <o
020 \\\ 020
620 S20

og0

550 560

ovo ovo
\ xan_.._ oum_<m.._z_ vioL

St'0 _ _ -1 4]

40 NOIVNTVAZ HOd4 'LMVHO
050 \\ 080

y

ss0 7 7
/e o \
» >
ov%.l ~ &
e >
4
090

«©0€ #02 el «0 «0l- «02- «Of- Ob- «0%- «09- «02- «08- «06-




38

‘sueds [rauswordwos ¢FT 119I0

*saxn[y paxexjur 1eiol JutoSnQ

o

ECa

o

o

B! a2 7 )
ﬁ/»\w\l\/\%ly/ll\.:\ \.\ n4 bﬂ
. S3TM 005 oo cﬂn 002 Oa_x
T

1 Il 1
T T T T T T T
w008 009 ooy 00z

(-ulw ; Wd 03, 0))
XN74 J34vHdNl VL0l

[ )
T
ool

od—o

SNVIS TVIN3W3TdWOD
1961 ‘22 Ane
€bl O/d NI SOYIL

T

1




39

-sueos [eyuawaTdwod ZH] I1qIO *SOXN[J paxerjur Te1or SutoSnO 91 *3rg

mﬂé & .oM -

\
) - ﬁ_ T Mu-._ O«ﬂn <\°>ON<’ _o»ﬂ T Mr »A
b (i, wo 103, 0) N\
N~ &0 . XN14 Q3¥VHNI V.01 \\U..ﬂ/\v .
’ f.a[s SNVOS  TVANIWI1dWOD %\“J/\/\J
o 196 ‘22 AINe §
i a(n\u t O/4 Il SOHIL
) &
. Q ¢ N
| b
N 0y
hos” @. -

&

@ ,/M\Q/Q "




16.

17.

18.

MESOMETEOROLOGY PROJECT-~--==~~ RESEARCH PAPERS

(Continued from front cover)

Preliminary Result of Analysis of the Cumulonimbus Cloud of April 21, 1961 -
Tetsuya Fujita and James Arnold

A Technique for Precise Analysis of Satellite Photographs - Tetsuya Fujita

Evaluation of Limb Darkening From TIROS III Radiation Data - S. H. H. Larsen,
Tetsuya Fujita, and W, L. Fletcher




